The rate and products of trichloroethylene (TCE) oxidation by Methylomicrobium album BG8 expressing membrane-associated methane monooxygenase (pMMO) were determined using 14 C radiotracer techniques. [ 14 C]TCE was degraded at a rate of 1.24 nmol (min mg protein)
Introduction
Trichloroethylene (TCE), a suspected carcinogen [1, 2] , is one of the most common ground water pollutants in the USA from its extensive use as a solvent and degreaser [3] . Due to its prevalence in the environment and the health risk it poses, a great deal of research has been performed to enhance methods for TCE removal, including biodegradation. Anaerobic biotransformation of TCE proceeds through reductive dechlorination and produces the toxic agents dichloroethylene (DCE) and vinyl chloride (VC) [4, 5] . Several aerobic bacteria including toluene oxidizers [6, 7] , ammonia oxidizers [8, 9] and methane oxidizers [101 7] have also been shown to degrade TCE, but without the production of DCE or VC, and therefore can be useful alternatives. Since methane is non-toxic and methanotrophs are ubiquitous in the environment [18] , these bacteria have been extensively examined for TCE bioremediation.
A cytoplasmic or soluble methane monooxygenase (sMMO) is expressed by some methanotrophs in copperlimited environments and degrades TCE with rates relatively fast compared to other bacteria [11, 16] . The mechanism of TCE degradation has been well-studied and it is believed to be similar to that by rat liver microsomal cytochrome P-450 [11, 19] . The initial products of TCE oxidation by sMMO are TCE-epoxide, a very reactive intermediate, and a small amount of chloral, a controlled substance and mutagen [11, 14, 18, 20] . TCE-epoxide has a very short life of approximately 10^20 s, and can spontaneously undergo hydrolysis to form acyl halides that will further decompose into formate, CO, glyoxylic acid and dichloroacetic acid depending on the pH [11, 19, 21] . TCEepoxide and acyl halides, however, can covalently bind to sMMO, causing inhibition [11, 15] . Also, chloral is considered more toxic than TCE [14] . Therefore, the fate of TCE when oxidized by sMMO-expressing methanotrophs must be carefully monitored to optimize bioremediation.
Most methanotrophs cannot express sMMO, and instead constitutively express a membrane-associated or par-0378-1097 / 00 / $20.00 ß 2000 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved. PII: S 0 3 7 8 -1 0 9 7 ( 0 0 ) 0 0 1 2 7 -0 ticulate methane monooxygenase (pMMO) [18, 22] that can also degrade TCE [10, 13, 23] . However, the mechanism of TCE degradation either by the puri¢ed pMMO or in whole cells known to be expressing pMMO has not been examined. Therefore, in this study, the products of TCE oxidation by whole cells of Methylomicrobium album BG8 were determined to assess the usefulness of pMMO-expressing cells for TCE bioremediation. From these studies and experiments using puri¢ed pMMO from Methylococcus capsulatus Bath, a pathway of TCE oxidation by pMMO is proposed.
Materials and methods

Materials
All chemicals used in medium preparation were of reagent grade or better. Highest purity methane ( s 99.99%, Matheson) was used for cell growth. [1,2- 14 C]TCE (99.8%) was obtained from New England Nuclear. Milli-Q water from a Corning Millipore D2 system was used for all experiments.
[
14 C]TCE oxidation by M. album BG8 and product identi¢cation All procedures were performed aseptically. M. album BG8 (ATCC 33003), a methanotroph that can only express pMMO, was grown in nitrate mineral salts (NMS) medium [24] with 20 WM copper at 30³C as described previously [13] . After harvesting the cells at OD 600 = 0.8, methane was removed and the cells then were diluted with prewarmed NMS containing 20 WM copper. 3-ml aliquots were transferred to 20-ml vials resulting in a ¢nal cell concentration of 0.08 mg protein ml 31 . 20 mM of sodium formate was then added and the vials capped with Te£on-coated butyl-rubber septa (Wheaton). Radiolabeled TCE was added to the vials from a bottle of TCE-saturated water stock solution (12.3 WCi l 31 ) to obtain an aqueous concentration of 40 WM TCE. The vials were shaken at 30³C and 270 rpm. 20 Wl of liquid samples were analyzed every hour for 5 h using an HPLC system connected to a Dionex 400 UV-Vis spectrophotometer and also an on-line Ramona-92 radioisotope detector in series with an Aminex HPX-87H column (Bio-Rad) using the protocol developed by Fox et al. [11] . A frit ¢lter column was installed before the HPLC column to separate the cells from the eluent and also to stabilize the baselines of the detectors. The peak, background and monitoring smoothing times of the Ramona-92 were set at 60, 60 and 5 s respectively. The peaks of the radioisotopegram were identi¢ed by comparison with the UV chromatogram of authentic unlabeled standards based on retention times. The retention times of the standards based on absorbance at 210 nm were: trichloroethylene (12 min), dichloroacetic acid (16 min), glyoxylic acid (18 min), formate (25 min) and chloral hydrate (31 min). The radioisotope peaks were also used to quantify the amounts of TCE disappearance as well as product appearance.
14 C]CO 2 production and cell-associated 14 C
One vial in the TCE degradation assay was used to trap [ 14 C]CO 2 . At 5 h, 100 Wl of 1 M NaOH was added into an inner glass tube through the septum. 15 min after adding the NaOH, the vial was unsealed and NaOH was analyzed with a Rackbeta 1219 scintillation counter (LKB Wallac). To determine if any products of TCE oxidation remained in the cells, cells were collected by centrifugation, washed three times and resuspended in phosphate bu¡er. Cell samples were then analyzed for cell-associated 14 C using the scintillation counter.
Oxidation of intermediates of TCE degradation by M. album BG8
To determine if any possible intermediates of TCE oxidation could be further oxidized by pMMO in whole cells, oxygen uptake assays were performed on acetylenetreated and untreated M. album BG8 as described previously in well-mixed isothermal oxygen uptake reactors [25] . Oxygen uptake was monitored for up to 10 min for both acetylene-treated and untreated cells in the presence of either 100 WM glyoxylate, dichloroacetic acid, or chloral.
TCE oxidation by puri¢ed pMMO from M. capsulatus Bath
pMMO was puri¢ed and TCE assays were performed as described previously [10, 26] . Reaction mixtures contained 34 mg protein ml 31 with 800 nmol (1.57 WCi) [ 14 C]TCE in 10 mM MOPS (3-[N-morpholino]propanesulfonic acid) for an initial concentration of 268 WM. The pH was bu¡-ered at 7.4 and 35 mM duroquinol was added as the reductant. Vials were incubated at 35³C for up to 200 min. At pre-set times, the reaction was stopped by injection of 1 ml of pentane into the vials. Negative controls to monitor abiotic TCE disappearance were created by adding 1 ml acetylene (7.55 mM) to some vials.
SDS^PAGE and phosphoimaging
SDS-polyacrylamide slab gel electrophoresis was carried out on 14% gels. Reductants were not added to the bu¡ers and the samples were incubated at room temperature 103 0 min prior to loading. Timed exposures to [ 14 C]TCE were carried out as described above using duroquinol as a reductant. Gels were dried and exposed for 3.5 days on a Molecular Imager System GS-363 (Bio-Rad, Hercules, CA).
Results
[
14 C]TCE oxidation by M. album BG8
As can be seen in Fig. 1 
Oxidation of possible intermediates of TCE degradation by M. album BG8
Oxygen uptake assays were performed to determine if any possible intermediates from TCE degradation could be further oxidized by pMMO in vivo. In the absence of any substrate, endogenous respiration was measured at 6.8 þ 2.3 nmol O 2 (min mg protein)
31 . In the presence of 100 WM of glyoxylate, the rate of oxygen uptake by M. album BG8 was 31 þ 1.0 and 4.6 þ 0.3 nmol O 2 (min mg protein) 31 in the absence and presence of acetylene respectively. In the presence of either 100 WM dichloroacetic acid or chloral, oxygen uptake rates were 9.8 þ 0.2 and 8.9 þ 0.5 nmol O 2 (min mg protein) 31 respectively in the absence of acetylene. If the cells were treated with acetylene, the rate of oxygen uptake was found to be 10 þ 0.3 and 9.2 þ 0.9 nmol O 2 (min mg protein) 31 in the presence of dichloroacetic acid and chloral respectively. As acetylene is a speci¢c inhibitor of pMMO, these results show that pMMO could further oxidize one of the initial products of TCE oxidation, i.e., glyoxylate. Other possible products of TCE degradation, however, were not appreciably oxidized in vivo by either acetylene-treated or untreated cells of M. album BG8.
TCE oxidation by puri¢ed pMMO from M. capsulatus Bath
To verify the whole cell experiments of TCE oxidation, TCE degradation by puri¢ed pMMO was also examined. As shown in Fig. 2 
Discussion
Glyoxylate and formate were the only aqueous intermediates found from TCE oxidation by M. album BG8 expressing pMMO. Similar results were found in assays using Pseudomonas mendocina KR-1 expressing toluene monooxygenase [7] and Pseudomonas putida F1 expressing toluene dioxygenase [6] . From the observed product distribution and time of appearance, a hypothetical pathway of TCE oxidation is shown in Fig. 3 . This pathway is similar to that proposed earlier for TCE oxidation by rat liver cytochrome P-450 [19] with some exceptions noted below. Unlike studies both on puri¢ed sMMO and in whole cells expressing sMMO [11, 14] , chloral was not found as a product of TCE oxidation by M. album BG8, indicating that a chloride shift did not occur during pMMO oxidation of TCE. Oxygen uptake rates in whole cells of M. album BG8 incubated with chloral were slightly above that measured in the absence of any substrate, and these rates were not a¡ected by the addition of acetylene. This suggests enzymes other than pMMO can oxidize chloral, but such rates are very slow and chloral could be expected to accumulate over time. Therefore, it appears that chloral is not a product of pMMO-mediated TCE oxidation. The absence of chloral may make TCE oxidation by pMMO attractive since, as noted earlier, chloral is considered to be more toxic than TCE.
The primary pathway of TCE oxidation by pMMO appears to be through the TCE-epoxide. The epoxide is unstable in solution and can form a variety of products. It has been suggested that a chloride or hydrogen shift can occur followed by the elimination of HCl to form dichloroacetic acid [19] , and dichloroacetic acid has been discovered as a minor product of sMMO-mediated oxidation of TCE [11] . As found for cytochrome P-450 oxidation of TCE [19] , in vivo pMMO oxidation of TCE resulted in no dichloroacetic acid formation, indicating that this pathway was not followed. As with chloral, slight rates of oxygen uptake were observed in M. album BG8 in the presence of dichloroacetic acid, and such rates were not a¡ected by the addition of acetylene. It appears that enzymes other than pMMO can oxidize dichloroacetic acid, but such rates are slow. Thus, if dichloroacetic acid was being formed, it would be expected to accumulate over time. Therefore, the absence of dichloroacetic acid was most likely due to it not being produced from the oxidation of TCE.
Based on the observed product distribution, it appears that the TCE-epoxide was hydrated to form a gem-halohydrin acyl halide. This can undergo carbon^carbon ¢s-sion and hydrolysis to form CO and formate [19] . This pathway cannot be ignored, but it appears that the gemhalohydrin acyl halide predominantly underwent extensive HCl elimination to form glyoxylate as this was the ¢rst and most abundant aqueous product. It also appears that glyoxylate was further oxidized to formate and CO 2 as formate appeared after glyoxylate. Unlike previous studies using whole cells, we were able to detect formate as a second product of TCE oxidation due to the addition of 20 mM formate to the incubations. Addition of such a high concentration of formate allowed the detection of any [ 14 Approximately half of the added TCE in whole cell experiments with M. album BG8 was found associated with the cells. TCE-epoxide and acyl halides can covalently bind to cell components and labeling of several proteins was observed when Methylosinus trichosporium OB3b expressing sMMO was incubated with [ 14 C]TCE, including the K-subunit of the hydroxylase component of sMMO [15] . Studies with puri¢ed sMMO also showed that all polypeptides of sMMO were labeled when incubated with [ 14 C]TCE [11] . No labeling of the puri¢ed pMMO was observed, however, when pMMO was incubated with [
14 C]TCE for up to 200 min. It is possible that the TCE-epoxide or acyl halide intermediate covalently binds to other macromolecules in the cell. Further work should be done to determine the cellular location of the products of TCE oxidation to understand more completely how TCE a¡ects whole cell methanotrophic activity when expressing pMMO.
In conclusion, this study indicates that methanotrophs expressing pMMO can oxidize TCE and the predominant products formed di¡er from those found for sMMO-expressing cells. As most known methanotrophs can only express pMMO, the potential of pMMO-expressing cells for the degradation of TCE in situ, whether through natural attenuation or biostimulation, should be examined more closely.
